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Receiv ed XXX

Tw o di�eren t one-
uid one-temp erature mo dels, Lagrangian and Eulerian, are em-

plo y ed for mo deling target compression to high densities. Numerically , Lagrangian mo del

is treated b y supp ort op erator metho d and Eulerian one b y comp osite sc hemes on mo ving

grid. Both mo dels also include heat conductivit y . The quotidian equation of state (QEOS)

is used. This equation of state is v alid for a v ery wide range of plasma parameters, it is

fast, reliable and consisten t. Sev eral particular con�gurations including targets with sev-

eral la y ers from di�eren t materials ha v e b een sim ulated. Results for compression of cold

liquid/frozen h ydrogen b y gold 
y er corresp ond reasonably w ell with fully indep enden t

calculations p erformed b y others. W e ha v e also sim ulated a real exp erimen t p erformed in

La wrence Liv ermore National Lab oratory where liquid h ydrogen con tained b et w een t w o

sapphire an vils w as compressed b y a high sp eed impactor. Reasonably go o d agreemen t of

our sim ulation including six la y ers with exp erimen t has b een ac hiev ed.

P A CS : 52.65.K

Key wor ds : h ydro dynamics, targets, high densities

1 In tro duction

Plasmas are an y statistical systems con taining mobile c harged particles. In stan-

dard, lo w densit y plasmas the long-range Coulom bic forces pla y the k ey role in es-

tablishing for plasma sp eci�c collectiv e phenomena. Ph ysics of this form of plasmas

is elab orated v ery completely and serv es as a credible basis for man y applications.

As the densit y is increased, the plasma b egins exhibiting feature c haracteristics

of a condensed matter, where short-range as w ell as long-range forces conspire to

endo w the plasma with a c haracter of strongly coupled man y-particle systems [1].

As the temp erature is lo w ered, quan tum statistic and dynamic e�ects start to pla y

a dominan t role in the plasma, so that in terpla y with atomic, molecular, and also

n uclear ph ysics b ecomes a ma jor issue.

Study of strongly coupled systems p oses a great c hallenge for con temp orary

ph ysics [2 ], a complex approac h based on theory , sim ulation and exp erimen t is

necessary . In this rep ort w e describ e some preliminary sim ulation studies of no v el

metho ds of strongly coupled plasma generation, based on h ydro dynamic mo deling.
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2 Hydro dynamical mo del

Both Eulerian and Lagrangian description is used in this study and n umerical

metho ds for them are dev elop ed.

Here w e presen t Lagrangian form ulation whic h is giv en b y the system

d �

d t

+ � div u = 0

�

d u

d t

= � grad p (1)

�

d �

d t

= � p div u � � div W

where � is densit y , u is v elo cit y , p is pressure, E is total energy and heat 
ux W is

giv en b y

W = � � grad T (2)

where T is temp erature and � is heat conductivit y for whic h w e consider Spitzer-

Harm [3] and Rozm us-O�en b erger [4 ] appro ximation ho w ev er w e should note that

for most presen ted computations the heat conductivit y is negligible. The ab o v e

system is coupled with an ordinary di�eren tial equation (ODE)

d x

d t

= u ;

whic h de�nes mo v emen t of Lagrangian cells ( x denotes the p osition of a cell).

F or n umerical treatmen t of Lagrangian form ulation w e use supp ort op erator

metho d sc heme [5 ] with arti�cial viscosit y giv en b y com bination of linear and non-

linear arti�cial viscosit y . V elo cities of Lagrangian cell b oundaries are up dated from

the pressure di�erence in the t w o neigh b oring cells and the in ternal energy inside

eac h cell is up dated from lo cal pressure and di�erence of v elo cities at b oth end

p oin ts of the cell. After mo ving the cell b oundaries, the densit y is up dated from

basic Lagrangian assumption that the mass of an y cell remains constan t all the

time.

Our mo del also includes heat conduction, whic h in tro duces a parab olic term

in to the energy conserv ation equation. This term is treated b y splitting the mo del

in to h yp erb olic h ydro dynamic system and parab olic heat equation whic h is n umer-

ically solv ed either b y explicit metho d with sub-stepping in time or b y implicit

metho d with the same time step as the main h yp erb olic part of the mo del. F or lo w

temp eratures the heat conductivit y is relativ ely small and th us it allo ws us to use

an explicit metho d with one or few heat 
o w time sub-steps p er one h ydro dynamic

time step.

3 Equation of state

W e are dealing with h ydro dynamic mo deling of plasma compression to high

densities for whic h w e need an adequate equation of state v alid in a broad range of
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plasma conditions. W e ha v e c hosen the quotidian equation of state (QEOS). The

QEOS equation of state consists of three main parts [6]: (1) The electron ionization-

equilibrium equation of state based on the Thomas-F ermi statistical cell mo del with

scaling prop ert y for atomic n um b er and atomic w eigh t. (2) Analytical ion equation

of state that com bines Deb y e, Gruneisen, Lindemann and 
uid-scaling la ws. (3)

Empirical term that in tro duces correction for c hemical b onding and is deriv ed from

ph ysical prop erties of a giv en material.

The QEOS equation of state is v alid for a v ery wide range of plasma parameters,

it has an appropriate accuracy for plasma sim ulations of our in terest, and it is fast,

reliable and consisten t in h ydro dynamic calculations. It do es not need an y external

database. The lo cal thermo dynamic equilibrium of electrons is assumed. Quan tum

shell e�ects and phase transitions are neglected. Material from whic h plasma is

pro duced can b e either pure elemen t or a comp ound. As input parameters for the

QEOS equation of state one needs atomic w eigh t and atomic n um b er of ev ery

elemen t, n um b er of atoms of eac h elemen t in the comp ound, solid state densit y

and bulk mo dulus (whic h describ es ho w the total pressure c hanges with c hanging

densit y) at solid state densit y .

4 Compression of targets to high densities

In order to test implemen ted n umerical h ydro dynamical mo dels sev eral partic-

ular p oten tial con�gurations for generation of strongly coupled Coulom b systems

ha v e b een explored. In all these n umerical exp erimen ts QEOS equation of state [6]

and Spitzer-Harm form ula for heat conductivit y [3 ] ha v e b een applied. Clearly , this

is not fully acceptable appro ximation in all regions of parameters (densit y , tem-

p erature) of these con�gurations, but for testing purp oses it can b e used. Here w e

presen t t w o tests considering compression of h ydrogen to metallic state.

4.1 Cold h ydrogen compression b y gold 
y er

The �rst n umerical exp erimen t has b een related to v ery actual problem: pro duc-

ing metallic h ydrogen b y using strong sho c k w a v es in liquid/frozen planar h ydrogen

targets. In order to ha v e p ossibilit y of quan titativ e comparison, w e ha v e used a con-

�guration with parameters similar to sim ulation conducted in Max-Planc k Institute

for Quan tum Optics [7 ] some time ago.

The �rst con�guration here is 100 � m thic k h ydrogen la y er compressed b y 100 � m

thic k gold 
y er ha ving initial v elo cit y 2 : 5 km = s . Initial densities are 0 : 088 g = cm

3

for

h ydrogen and solid state densit y 19 : 3 g = cm

3

for gold. W e start computation at

v ery lo w temp erature T = 0 : 00027 eV

:

= 3 K needed for liquid/frozen h ydrogen.

Computation has b een ended after 60 ns when h ydrogen la y er starts to expand

after the compression. On the h ydrogen b oundary whic h is not adjacen t to gold

la y er w e use re
ecting b oundary conditions. Fig. 1 (a) sho ws the time ev olution of

densit y in h ydrogen la y er for this con�guration. Sev eral sho c k w a v es compressing

h ydrogen are clearly seen.

In the second con�guration w e assume 100 � m thic k h ydrogen la y er adjacen t to
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200 � m thic k gold la y er whic h is not mo ving at the initial time ho w ev er v elo cit y of

the outer gold b oundary is prescrib ed to 1 : 66 km = s . Initial densities and temp era-

ture are the same as in the previous con�guration and w e p erform the computation

till time 80 ns . Material densit y v ersus time and space is presen ted in Fig. 1 (b).

Mo ving b oundary initiates a sho c k w a v e in gold whic h hits h ydrogen la y er around

time 35 ns an propagates in to h ydrogen where it re
ects sev eral times from b ound-

ary x = 0 and from the in terface with gold. Shortly b efore maximal compression

around time 64 ns a re
ected sho c k w a v e is formed in the gold la y er.

Our results in Fig. 1 compare reasonably w ell with those of [7] whic h used

di�eren t equation of state, namely SESAME [8]. Sim ulation of planar h ydrogen

target based on our co de agrees reasonably w ell with the results of comparativ e,

fully indep enden t calculations.

(a) (b)

Fig. 1. (a) Densit y ev olution of 100 � m thic k h ydrogen la y er compressed b y 100 � m thic k

gold 
y er ha ving initial sp eed 2 : 5 km = s . Gold 
y er neigh b ors the cell no. 50, initially at

x = 100 � m, i.e. gold is on the righ t (not displa y ed). (b) Spatio-temp oral plot of material

densit y . Hydrogen la y er of thic kness 100 � m is compressed b y 200 � m gold la y er. The sp eed

of upp er b oundary of the gold la y er w as set to 1 : 66 km = s. Di�eren t color maps are used

for h ydrogen on the b ottom and gold on the top as seen on color bar on the left whic h

has densit y tic k marks in g = cm

3

.
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4.2 Sim ulation of real exp erimen t compressing h ydrogen to metallic state

Exp erimen ts dealing with compressing h ydrogen to metallic state ha v e b een p er-

formed in the La wrence Liv ermore National Lab oratory [9 ]. W e ha v e sim ulated

sev eral of these exp erimen ts and presen t here one suc h sim ulation.

The target with impactor is sc hematically depicted in Fig. 2 (a). The h ydrogen

la y er of thic kness t

1

= 0 : 5 mm is co v ered from b oth sides b y t w o sapphire an vils of

thic kness t

2

= 2 mm and again b oth sapphire plates are co v ered b y t w o alumin um

la y ers of thic kness t

3

= 2 mm. So the target is formed from �v e la y ers. Initially

the whole target is co oled to the temp erature T = 0 : 0018 eV

:

= 20 K necessary for

liquid h ydrogen. The target is hit b y copp er impactor of thic kness t

4

= 3 mm with

initial v elo cit y v = 5 : 58 km = s . The initial densities are 0 : 071 ; 3 : 99 ; 2 : 7 ; 8 : 92 g = cm

3

for h ydrogen, sapphire, alumin um and copp er resp ectiv ely . The impact forms the

sho c k w a v e propagating through alumin um, sapphire and h ydrogen la y ers. This

sho c k w a v e re
ects from the other sapphire an vil and starts a series of rev erb erating

sho c ks inside the h ydrogen la y er, whic h gradually compress the h ydrogen. The time

ev olution of densit y in all six la y ers is presen ted in Fig. 2 (b). Sho c k w a v es are clearly

visible. Fig. 2 (d) is the zo om of Fig. 2 (b) in to the region of h ydrogen compression

and b esides h ydrogen la y er in the middle includes only t w o sapphire plates on top

and b ottom. Fig. 2 (c) presen ts time ev olution of pressure in the cen ter of h ydrogen

la y er. Rev erb erating sho c ks in h ydrogen can b e seen in Fig. 2 (d) and (c). Our

sim ulation results corresp ond reasonably w ell with article [9 ].

Ac kno wledgmen t: This researc h has b een partly supp orted b y Gran t Agency of the

Czec h Republic gran t No. 201/00/0586.
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Fig. 2. (a) Sc heme of exp erimen tal target. (b) Spatio-temp oral plot of densit y in all six

la y ers. (c) Ev olution of pressure in the cen ter of h ydrogen la y er. (d) Spatio-temp oral plot

of densit y zo omed to h ydrogen compression area. The second (after the slash) v alue of

tic k lab els at (b) and (d) giv es the densit y v alue in h ydrogen la y er while the �rst (b efore

the slash) one giv es the densit y v alue in the other �v e la y ers.
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